Introduction {#s01}
============

The mitotic checkpoint complex (MCC), consisting mainly of Mad2, BubR1, Bub3, and Cdc20, functions to prevent premature chromosome segregation. Only after full chromosome alignment at the metaphase plate will the MCC become inactivated, resulting in spindle assembly checkpoint (SAC) silencing and subsequent anaphase onset ([@bib43]; [@bib8]; [@bib25]; [@bib42]). Cells use several means to ensure timely SAC silencing. Of these most are known to function in monitoring proper microtubule (MT)--kinetochore attachment. Accordingly, most SAC proteins, including Mad1, Mad2, BubR1, Bub3, and Mps1, are kinetochore associated ([@bib18]; [@bib15]; [@bib59]; [@bib38]; [@bib13]; [@bib60]; [@bib35]; [@bib6]; [@bib7]; [@bib9]; [@bib48]; [@bib52]; [@bib2]; [@bib10]; [@bib26][@bib27]; [@bib34]).

Increasing RanGTP in *Xenopus* egg extracts or HeLa cells can lead to SAC silencing ([@bib1]; [@bib32]). Mathematical modeling, based on the mechanism of chromosome-mediated RanGTP production ([@bib23], [@bib24]; [@bib31]; [@bib30]), has shown that the highest RanGTP concentration is generated around fully aligned metaphase chromosomes ([@bib32]). A single misaligned chromosome not only experiences the lowest RanGTP but also reduces RanGTP concentrations generated around congressed chromosomes. Thus, the highest RanGTP concentration at metaphase could couple the completion of chromosome congression with SAC inactivation ([@bib32]). However, the mechanism by which Ran regulates SAC has been difficult to decipher.

By controlling interactions between importin-β and spindle assembly factors (SAFs), RanGTP coordinates the activity of SAFs to promote spindle assembly, spindle orientation, and spindle matrix assembly ([@bib4], [@bib5]; [@bib22]; [@bib47]; [@bib57]; [@bib14]; [@bib44]; [@bib56]; [@bib58]; [@bib11]; [@bib51]; [@bib46]; [@bib36]; [@bib12]; [@bib62]; [@bib28]; [@bib55]; [@bib29]). This suggests that the elevated RanGTP surrounding the metaphase chromosomes might maximally displace importin-β from regulators of SAC to promote anaphase entry. By studying BuGZ (Bub3 interacting and GLEBS motif containing ZNF207), which functions as a chaperone for Bub3 ([@bib21]; [@bib50]), we report that RanGTP promotes the E3 ubiquitin ligase Ubr5-mediated turnover of BuGZ and Bub3 during metaphase to facilitate anaphase entry.

Results and discussion {#s02}
======================

BuGZ and Bub3 turnover may facilitate anaphase entry {#s03}
----------------------------------------------------

Expression of Flag-tagged BuGZ or Bub3 48 h after transfection caused increased metaphase cells with strong kinetochore Bub3 and BubR1 signals, compared with controls ([Fig. 1, A and B](#fig1){ref-type="fig"}). This resulted in a significant enrichment of metaphase cells at the expense of anaphase cells ([Fig. 1 C](#fig1){ref-type="fig"}), and an elevated mitotic index that could be ameliorated by 1 µM of Mps1 inhibitor (NMS-P715) 28 h after transfection ([Fig. 1 D](#fig1){ref-type="fig"}). Analyzing HeLa or tsBN2 cells synchronized by double thymidine block (DTB) showed that BuGZ and Bub3 rose upon mitotic entry and fell upon mitotic exit ([Fig. 1, E and F](#fig1){ref-type="fig"}).

![**Bub3 and BuGZ levels affect mitosis.** (A--C) Overexpression of Flag-BuGZ or Flag-Bub3 increased metaphase kinetochore Bub3 (A) or BubR1 (B), respectively, and the percentage of metaphase cells (C). Approximately 50 metaphase (A and B) or 100 mitotic cells (C) were counted per experiment. Bars, 5 µm. (D) Mps1 inhibition alleviated mitotic block caused by Flag-BuGZ or Flag-Bub3 overexpression. Approximately 500 cells were counted per experiment. (E and F) Bub3 and BuGZ rose and fell in HeLa (E) or tsBN2 (F) cells after release from DTB. Phospho-Histone H3 (P-H3) marks mitosis. GAPDH, loading control. Error bars indicate SEM. Student's *t* test: ns, not significant. \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001 from three experiments.](JCB_201503122_Fig1){#fig1}

To determine precisely when BuGZ and Bub3 declined, HeLa cells released from DTB were blocked in prometaphase by nocodazole or metaphase by MG132 and then released. Immunostaining and Western blotting revealed that BuGZ and Bub3 declined before or upon anaphase onset ([Fig. S1, A--D](http://www.jcb.org/cgi/content/full/jcb.201503122/DC1){#supp1}). Consistently ([@bib19]), live imaging of HeLa cells expressing a moderate level of GFP-Bub3 ([@bib21]) showed that the GFP-Bub3 levels were reduced in metaphase, but persisted in prometaphase (Fig. S1, E and F). Thus, BuGZ and Bub3 undergo turnover during metaphase.

RanGTP-stimulated metaphase turnover of BuGZ and Bub3 facilitates anaphase entry {#s04}
--------------------------------------------------------------------------------

Because a high BuGZ level stabilizes the SAC component Bub3 and promotes chromosome alignment in prometaphase ([@bib21]), the rise of both proteins in prometaphase and their decline in metaphase would, respectively, facilitate chromosome congression and anaphase entry. Consistently, RanL43E (mimicking the GTP-bound activated Ran) silenced SAC in SAC-activated *Xenopus* egg extracts, whereas the inactive RanGDP-mimicking RanT24N failed to do so, and RanL43E-induced SAC override resulted in a reduction of BuGZ and Bub3 without affecting BubR1 and Bub1 ([Figs. 2 A](#fig2){ref-type="fig"} and [S2, A and B](http://www.jcb.org/cgi/content/full/jcb.201503122/DC1){#supp2}).

![**RanGTP-mediated BuGZ/Bub3 turnover promotes anaphase entry.** (A) RanGTP specifically induced BuGZ and Bub3 degradation in SAC-activated *Xenopus* egg extract. (B) Synchronization and RNAi of tsBN2 cells. Black and red arrows indicate collection of cells for immunostaining or Western blotting (after mitotic shake-off), respectively. (C) Cells were labeled for MTs, chromosomes (DAPI), and centromeres (CREST). Approximately 100 mitotic cells were quantified per experiment. Bar, 10 µm. (D) RCC1 depletion elevated Bub3 levels in mitotic cells. (E) RCC1 depletion enhanced metaphase kinetochore Bub3. 50 kinetochores in 5--10 cells were counted per experiment. Outlined kinetochores are enlarged to show details (insets). Bars: (main panels) 5 µm; (enlargements) 0.5 µm. (F) Effects of BuGZ depletion were rescued by BuGZR, the RNAi-insensitive BuGZ. (G and H) Analyses of MCC components by immunoprecipitation (IP). Error bars indicate SEM. Student's *t* test: \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001 from three experiments.](JCB_201503122_Fig2){#fig2}

To test whether RanGTP could promote BuGZ and Bub3 turnover in mitosis in vivo, we used tsBN2 cells, whose Ran can be inactivated after a 2-h temperature shift from 32°C to 39°C due to the degradation of its nucleotide exchange factor RCC1 ([@bib45]; [@bib30]). When mitotic cells were collected from tsBN2 cells that were released from DTB for 10 h and incubated for another 2 h at 32°C or 39°C, RCC1 degradation at 39°C was indeed accompanied by elevated BuGZ and Bub3 (Fig. S2 C).

To study whether RanGTP is required for BuGZ and Bub3 turnover in metaphase and whether this facilitates anaphase entry, we need to synchronize cells in metaphase while maintaining Bub3 levels before shifting cells to 39°C to degrade RCC1. Because the BuGZ depletion--induced Bub3 degradation could be blocked by MG132 ([@bib21]), we tested the time course of BuGZ and Bub3 reduction upon BuGZ RNAi to identify a time of MG132 addition that would stabilize Bub3. tsBN2 cells were synchronized and treated by control or BuGZ RNAi (see Fig. S2 D). Mitotic shake-off was used to collect mitotic cells as indicated (Fig. S2 D, red arrows). In the absence of MG132, a clear reduction of BuGZ and Bub3 occurred after 36 h of BuGZ RNAi, whereas MG132 stabilized Bub3 up to 48 h of BuGZ RNAi when the BuGZ reduction was apparent (Fig. S2 E).

BuGZ facilitates efficient chromosome alignment by stabilizing Bub3 and promoting Bub3′s kinetochore loading ([@bib21]). Thus, despite Bub3 stabilization by MG132, the BuGZ depletion by RNAi would still compromise the efficiency of Bub3 kinetochore loading and chromosome alignment. Indeed, analysis of the percentage of cells with misaligned chromosomes in cells treated by the scheme in [Fig. 2 B](#fig2){ref-type="fig"} showed an increased chromosome misalignment after 40 and 44 h of BuGZ RNAi regardless of MG132 addition, compared with control RNAi (Fig. S2 F). However, after 16 h of MG132 block (corresponding to 48 h of BuGZ RNAi), chromosome misalignment was reduced to a similar level as seen in control RNAi-treated tsBN2 cells without MG132 (Fig. S2 F). Thus, prolonged MG132 block provided time for chromosome alignment in BuGZ-depleted cells.

Using the conditions defined above, we synchronized tsBN2 cells and treated them with control or BuGZ siRNA as shown in [Fig. 2 B](#fig2){ref-type="fig"}. Mitotic cells ([Fig. 2 B](#fig2){ref-type="fig"}, red arrows) were used for Western blotting, whereas cells grown on coverslips were used for immunostaining ([Fig. 2 B](#fig2){ref-type="fig"}, black arrows). Incubation at 39°C reduced anaphase entry of control siRNA-treated cells ([Fig. 2 C](#fig2){ref-type="fig"}), coinciding with the lack of BuGZ and Bub3 turnover ([Fig. 2 D](#fig2){ref-type="fig"}, compare lanes 5, 7, and 9). BuGZ siRNA-treated cells, however, entered anaphase at 39°C ([Fig. 2 C](#fig2){ref-type="fig"}). In the BuGZ RNAi cells, RCC1 depletion no longer prevented Bub3 turnover ([Fig. 2 D](#fig2){ref-type="fig"}, compare lanes 6 and 9 with 10). Consistently, BuGZ RNAi-treated cells at 39°C entered anaphase less efficiently than those at 32°C ([Fig. 2 C](#fig2){ref-type="fig"}, compare the green and blue bars at 50 h), coinciding again with different Bub3 (and BuGZ) levels ([Fig. 2 D](#fig2){ref-type="fig"}, compare lanes 8 and 10). RCC1 depletion at 39°C also resulted in stronger kinetochore Bub3 in both control and BuGZ RNAi-treated cells than those incubated at 32°C ([Fig. 2 E](#fig2){ref-type="fig"}), correlating with their inefficient anaphase entry ([Fig. 2 C](#fig2){ref-type="fig"}). The inefficient anaphase entry of tsBN2 cells as judged by elevated mitotic index could be fully rescued by the RNAi-insensitive mouse Flag-BuGZ ([Fig. 2 F](#fig2){ref-type="fig"}) and was correlated with a reduction of Bub3 and BubR1 in the MCC as judged by immunoprecipitation using BubR1 or Cdc20 antibodies ([Fig. 2, G and H](#fig2){ref-type="fig"}). Thus, RanGTP promotes SAC silencing by inducing BuGZ and Bub3 turnover in metaphase.

Ubr5 binds BuGZ and Bub3 to mediate their ubiquitination and turnover {#s05}
---------------------------------------------------------------------

Among the top putative BuGZ-interacting proteins ([@bib21]), we noticed a HECT (homologous to the E6-AP C terminus) domain--containing E3 ubiquitin ligase called Ubr5. Ubr5 can regulate DNA damage response ([@bib17]; [@bib16]; [@bib40]; [@bib33]; [@bib54]; [@bib49]; [@bib61]), but its role in mitosis is unclear. Flag-BuGZ or Flag-Bub3 pulled down Ubr5 in HeLa cells (Fig. S2 G). Endogenous BuGZ and Bub3 also associated with Ubr5 in asynchronous or mitotic HeLa cells and in cytostatic factor (CSF)--arrested *Xenopus laevis* egg extracts ([Figs. 3 A](#fig3){ref-type="fig"} and S2 H). Truncation analyses (Fig. S2 I; [@bib20]; [@bib3]) revealed that the purified Ubr5 fragment GST-Uf4, containing the substrate binding HECT domain, pulled down purified BuGZ or Bub3 ([Fig. 3 B](#fig3){ref-type="fig"}). Thus, Ubr5 directly binds to BuGZ and Bub3.

![**Ubr5 targets BuGZ and Bub3 for ubiquitination and turnover.** (A) IP Ubr5 by BuGZ or Bub3 antibodies in HeLa cells. (B) The HECT domain of Ubr5 (Uf4) directly bound to BuGZ and Bub3. Asterisks indicate contaminating bands. (C) Ubr5 depletion stabilized Bub3 and BuGZ in tsBN2 cells. GFP-hUbr5, but not GFP-hUbr5ΔUf4, rescued the effect. GAPDH, loading control. (D) Ubr5 depletion reduced ubiquitinated GFP-Bub3 or GFP-BuGZ in HeLa cells. (E) Stronger interaction between Ubr5 and BuGZ/Bub3 in metaphase than in prometaphase. HeLa cells were collected as shown by red arrows. (F and G) BuGZ depletion led to elevated Bub3-Ubr5 association and Bub3 ubiquitination. Mitotic HeLa cells were used for IP. In G, Flag-Bub3--expressing cells were treated by MG132 before mitotic shake-off.](JCB_201503122_Fig3){#fig3}

Ubr5 depletion by RNAi led to higher BuGZ and Bub3 levels in asynchronous or mitotic tsBN2 or HeLa cells than controls ([Figs. 3 C](#fig3){ref-type="fig"} and S2 J). Expressing the human GFP-Ubr5 (GFP-hUbr5), which is insensitive to the siRNA oligo targeting hamster Ubr5 in tsBN2 cells, reduced BuGZ and Bub3 levels in the Ubr5 RNAi-treated tsBN2 cells, whereas expressing the GFP-hUbr5 deleted of Uf4 (hUbr5ΔUf4) had no effect ([Fig. 3 C](#fig3){ref-type="fig"}). We then tested whether Ubr5 could mediate BuGZ and Bub3 ubiquitination. Because BuGZ and Bub3 antibody pulldown gave rise to high background in the high molecular regions (unpublished data), we used HeLa cells expressing GFP-BuGZ or GFP-Bub3 to allow the detection of polyubiquitinated proteins by GFP antibody pulldown. HeLa cells were treated by control or Ubr5 RNAi for 66 h followed by incubation with MG132 for 6 h. Total cells or mitotic cells (collected by mitotic shake-off) were used for GFP pulldown and Western blotting. Both GFP-BuGZ and GFP-Bub3 were polyubiquitinated, which was reduced upon Ubr5 depletion ([Fig. 3 D](#fig3){ref-type="fig"}).

Next we synchronized HeLa cells (see [Fig. 3 E](#fig3){ref-type="fig"}). Mitotic cells collected by mitotic shake-off were used for immunoprecipitation by BuGZ or Bub3 antibodies. Ubr5 exhibited greater interaction with BuGZ and Bub3 in metaphase (MG132 block) than in prometaphase (nocodazole block; [Fig. 3 E](#fig3){ref-type="fig"}). We then treated HeLa cells with control or BuGZ siRNA for 60 h, collected the mitotic cells by mitotic shake-off, and performed Bub3 antibody pulldown. BuGZ depletion promoted the Bub3--Ubr5 interaction in mitotic cells ([Fig. 3 F](#fig3){ref-type="fig"}). Next Flag-Bub3--expressing HeLa cells were treated with control or BuGZ siRNA for 54 h followed by incubation with MG132 for 6 h. Flag antibody pulldown assays using cells collected by mitotic shake-off showed that BuGZ depletion enhanced Bub3 polyubiquitination ([Fig. 3 G](#fig3){ref-type="fig"}). Thus Ubr5 mediates the turnover of BuGZ followed by Bub3 in metaphase to facilitate anaphase entry.

Ubr5 mediates the turnover of Bub3 and BuGZ induced by RanGTP in metaphase {#s06}
--------------------------------------------------------------------------

We treated HeLa cells expressing Histone H2B-GFP with Ubr5 siRNA for 60 h followed by live imaging. Ubr5 RNAi led to longer metaphase than controls, without affecting other mitotic phases ([Fig. 4 A](#fig4){ref-type="fig"}). Ubr5 depletion by 72 h of RNAi led to increased metaphase cells compared with controls (Fig. S3 A). This metaphase block was similar to those seen in cells overexpressing BuGZ or Bub3 (see [Fig. 1 C](#fig1){ref-type="fig"}). Consistently, Ubr5-depleted HeLa and tsBN2 cells had an elevated mitotic index, and the elevated mitotic index in tsBN2 cells was ameliorated by expressing GFP-hUbr5, but not by expressing GFP-hUbr5ΔUf4 (Fig. S2 K). Metaphase kinetochores in Ubr5-deleted cells exhibited increased Bub3, BubR1, and Mad1, whereas Bub3 appeared the same on prometaphase kinetochores compared with controls ([Figs. 4 B](#fig4){ref-type="fig"} and S3, B and C). Codepletion of Ubr5 with Bub3 reduced the metaphase kinetochore BubR1 and Mad1 (Fig. S3, B and C). Thus, Ubr5 facilitates efficient SAC silencing in metaphase.

![**Ubr5-mediated Bub3 turnover contributes to RanGTP-induced SAC inactivation.** (A) Ubr5 depletion caused delayed anaphase onset. Approximately 20 mitotic HeLa cells expressing histone H2B-GFP were quantified per experiment. (B) Ubr5 depletion increased metaphase kinetochore Bub3. Quantifications were based on 50 kinetochores from ∼5--10 cells per experiment. (C) Scheme of manipulating tsBN2 cells. Cells were collected for Western blotting (red arrows, mitotic shake-off) or immunostaining (black arrows, no mitotic shake-off). (D) Ubr5 mediated the turnover of BuGZ and Bub3 induced by RanGTP in metaphase. GAPDH, loading control. (E--G) Ubr5 depletion increased metaphase kinetochore Bub3 (E and F) and promoted metaphase block (G) independent of RCC1 degradation. tsBN2 cells were stained by DAPI, CREST sera, and Bub3 antibody (E). 50 kinetochores in ∼5--10 cells (F) or ∼100 mitotic cells (G) were analyzed per experiment. Bar, 5 µm. Error bars indicate SEM. Student's *t* test: ns, not significant; \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001 from three experiments.](JCB_201503122_Fig4){#fig4}

We then treated synchronized tsBN2 cells by Ubr5 RNAi (see [Fig. 4 C](#fig4){ref-type="fig"}). Mitotic cells collected by mitotic shake-off ([Fig. 4 C](#fig4){ref-type="fig"}, red arrows) were used for Western blotting. Total cells ([Fig. 4 C](#fig4){ref-type="fig"}, black arrows) were processed for immunostaining. As expected ([Fig. 2](#fig2){ref-type="fig"}), RCC1 mediated BuGZ and Bub3 turnover in control mitotic cells ([Fig. 4 D](#fig4){ref-type="fig"}, lane 5 vs. 7). The levels of BuGZ and Bub3 markedly increased in metaphase cells upon Ubr5 depletion ([Fig. 4 D](#fig4){ref-type="fig"}, lane 3 vs. 4). Importantly, in the Ubr5-depleted mitotic cells, BuGZ and Bub3 were no longer sensitive to RCC1 ([Fig. 4 D](#fig4){ref-type="fig"}, lanes 4 and 6 vs. 8). Ubr5 depletion also increased metaphase kinetochore Bub3 and inhibited anaphase entry ([Fig. 4, E--G](#fig4){ref-type="fig"}). Thus, Ubr5 aids RanGTP-induced BuGZ and Bub3 turnover and anaphase entry.

RanGTP promotes Ubr5-mediated turnover of BuGZ and Bub3 by displacing importin-β {#s07}
--------------------------------------------------------------------------------

BuGZ and Bub3 pulled down importin-β in CSF *Xenopus* egg extracts and HeLa cells ([Figs. 5 A](#fig5){ref-type="fig"} and S3, D and E). Purified importin-β alleviated BuGZ and Bub3 turnover induced by RanL43E in the SAC-activated egg extracts ([Fig. 5 B](#fig5){ref-type="fig"}). Depleting importin-β by RNAi reduced BuGZ and Bub3 in mitotic cells but not in asynchronous cells ([Fig. 5 C](#fig5){ref-type="fig"}). BuGZ and Bub3 failed to rise and fall in mitosis in HeLa cells depleted of importin-β (Fig. S3 F). Because the binding of Ubr5 to BuGZ and Bub3 is stronger in metaphase than in prometaphase (see [Fig. 3 E](#fig3){ref-type="fig"}), the highest RanGTP levels surrounding metaphase chromosomes could displace importin-β from BuGZ and Bub3, thereby enhancing Ubr5 binding to BuGZ and Bub3. Indeed RanL43E, but not RanT24N, enhanced the binding of Ubr5 to BuGZ and Bub3, while importin-β inhibited such interaction ([Fig. 5, D and E](#fig5){ref-type="fig"}). Next, we synchronized the importin-β siRNA-treated HeLa cells and collected mitotic cells by mitotic shake-off (see [Fig. 5 F](#fig5){ref-type="fig"}). Pulldown assays showed that importin-β depletion led to increased binding of Ubr5 to BuGZ and Bub3 in mitosis ([Fig. 5 F](#fig5){ref-type="fig"}).

![**RanGTP and importin-β antagonistically regulate the binding of Ubr5 to BuGZ and Bub3.** (A) Importin-β (imp β) associated with BuGZ or Bub3 in SAC-activated *Xenopus* egg extract. (B) Purified imp β inhibited RanL43E-induced BuGZ and Bub3 turnover in egg extract. GAPDH, loading control. (C) Imp β depletion enhanced BuGZ and Bub3 turnover in mitotic HeLa cells. Tubulin, loading control. (D and E) Imp β inhibited RanL43E-stimulated association of Ubr5 with BuGZ and Bub3 in egg extract. (F) Imp β depletion enhanced the binding of Ubr5 to Bub3 or BuGZ in mitosis. Cells treated as shown were collected by mitotic shake-off (red arrow). Tubulin, loading control. (G) RCC1 depletion affected associations of Ubr5 and imp β with BuGZ or Bub3 in mitotic tsBN2 cells. Tubulin, loading control. (H) Imp β depletion increased ubiquitination of GFP-BuGZ and GFP-Bub3 in mitotic HeLa cells. GAPDH, loading control. (I) A model for RanGTP-regulated anaphase entry mediated by Ubr5-induced BuGZ and Bub3 turnover in metaphase.](JCB_201503122_Fig5){#fig5}

We then synchronized tsBN2 cells and collected mitotic cells ([Fig. 5 G](#fig5){ref-type="fig"}, red arrows). Pulldown assays showed that degradation of RCC1 (at 39°C) in mitosis diminished Ubr5-BuGZ/Bub3 binding, but enhanced the interaction between importin-β and BuGZ/Bub3 ([Fig. 5 G](#fig5){ref-type="fig"}). Finally, we treated HeLa cells expressing GFP-Bub3 or GFP-BuGZ with control or importin-β siRNA followed by synchronization in metaphase. Cells collected by mitotic shake-off (see [Fig. 5 H](#fig5){ref-type="fig"}, red arrow) were used for GFP antibody pulldown. Importin-β depletion led to increased polyubiquitination of BuGZ and Bub3 ([Fig. 5 H](#fig5){ref-type="fig"}). Thus, RanGTP promotes the Ubr5-mediated polyubiquitination of BuGZ and Bub3 by displacing importin-β in metaphase.

Our findings suggest that before metaphase, importin-β binding stabilizes BuGZ and Bub3. In metaphase, the high RanGTP levels around metaphase chromosomes increase the displacement of importin-β from BuGZ and Bub3, allowing the binding of Ubr5 to BuGZ and Bub3 for polyubiquitination ([Fig. 5 I](#fig5){ref-type="fig"}). Because BuGZ stabilizes Bub3, Ubr5 may first target BuGZ for degradation followed by Bub3 during metaphase. The reduction of Bub3 then leads to reduced MCC activity, which contributes to SAC silencing and metaphase to anaphase transition ([Fig. 5 I](#fig5){ref-type="fig"}). The N terminus of BuGZ has a predicted NLS. Thus, importin-β may only bind to BuGZ to block the binding of Ubr5 to BuGZ. Upon the Ubr5-mediated BuGZ degradation, the Ubr5-binding site on Bub3 would become exposed, leading to Bub3 turnover. However, sequence analyses suggest that Bub3 may also contain an NLS. Further mapping the importin-β binding sites on BuGZ and Bub3 will reveal how importin-β hinders the binding of Ubr5 to BuGZ and Bub3.

Unlike the SAC silencing mechanisms that rely on sensing MT--kinetochore interactions ([@bib43]; [@bib8]; [@bib25]; [@bib42]), RanGTP-mediated SAC silencing could offer the cell a means to detect the overall state of chromosome alignment. This global sensing could coordinate SAC silencing on individual kinetochores to signal the final transition into anaphase. Interestingly, even after apparent satisfaction of bipolar attachment of all kinetochores, mammalian cells linger in metaphase for minutes before anaphase onset. RanGTP-stimulated polyubiquitination and degradation of BuGZ and Bub3 may contribute to the extra time the cell spent in metaphase, which would provide additional time to ensure complete chromosome congression. RanGTP-induced Bub3 reduction at metaphase may also inhibit MCC to usher in orderly chromosome segregation and cytokinesis.

Materials and methods {#s08}
=====================

Construction of expression vectors {#s09}
----------------------------------

Plasmids expressing His-mBub3 (bacteria), Flag-mBuGZ (and the RNAi-insensitive version), Flag-mBub3, GFP-mBuGZ, and GFP-mBub3 (mammalian cells) have been described previously ([@bib21]). Refer to [Table S2](http://www.jcb.org/cgi/content/full/jcb.201503122/DC1){#supp3} for detailed information. GST-hUbr5 fragments (Uf), Uf1, Uf2, Uf3, Uf4, GFP-hUbr5, and GFP-hUbr5*Δ*Uf4 (see Fig. S2 I) were amplified by PCR amplification using the MBP-hUbr5 plasmid ([@bib37]) as a template (see Table S2 for all primers used and detailed cloning strategies).

Cell culture and manipulations {#s10}
------------------------------

The tsBN2 cell line (from T. Nishimoto, Japan) containing a temperature-sensitive RCC1 protein was derived from the BHK cell line. HeLa and tsBN2 cells were cultured in DMEM medium (Thermo Fisher Scientific) supplemented with 15% (vol/vol) FBS (Biochrom). HeLa cells were grown at 37°C in a 5% CO~2~ humidified chamber, whereas tsBN2 cells were maintained at 32°C in a 5% CO~2~ humidified chamber. Cells were transfected using FuGENE 6 Transfection Reagent (Roche) to express BuGZ, Bub3, or Ubr5 (from J. Chen, Department of Therapeutic Radiology, Yale University School of Medicine, New Haven, CT). For RNAi, cells were transfected using Lipofectamine RNAiMAX (Invitrogen) and 0.05 µM siRNA oligo for 60 h (BuGZ RNAi) or 72 h (Ubr5, importin-β or Ubr5 plus Bub3 RNAi).

The sequences of siRNA oligos used {#s11}
----------------------------------

Oligos used in HeLa cells: BuGZ oligo1, 5′-GCCUGCUACACUUACAACAACUAGU-3′; BuGZ oligo2, 5′-CGAUGGGAAUGAGACCUCCUGUAAU-3′; Bub3 oligo, 5′-CCGGUUCUAACGAGUUCAAGCUGAA-3′; Ubr5 oligo1, 5′-CAACUUAGAUCUCCUGAAA-3′; Ubr5 oligo2, 5′-GCAGUGUUCCUGCCUUCUU-3′; Importin-β oligo1, 5′-UCGGUUAUAUUUGCCAAGAUA-3′; Importin-β oligo2, 5′-CAAGAACUCUUUGACAUCUAA-3′; control oligo (for BuGZ, Bub3, or Ubr5 RNAi), Life Technologies, catalogue no. 12935-300; control oligo (for importin-β RNAi), QIAGEN, catalogue no. SI03650318. Oligos used in tsBN2 cells: BuGZ oligo2, 5′-CGAUGGGAAUGAGACCUCCUGUAAU-3′; Ubr5 oligo3, 5′-CCGGAACAUUCUGCAUGCUUGCGUA-3′; control oligo (for BuGZ or Ubr5 RNAi), Life Technologies, catalogue no. 12935-300.

Cell synchronization and manipulation of SAC {#s12}
--------------------------------------------

To obtain mitotic cells, cells were treated with double thymidine (Sigma-Aldrich) block and release, followed by nocodazole (Sigma-Aldrich) or MG132 (Sigma-Aldrich) treatment whenever indicated. For DTB, 30% confluent HeLa or tsBN2 cells were treated with 2 mM thymidine for 16 h and then released and incubated for 8 h. After another 16-h incubation with 2 mM thymidine, the cells were washed with PBS and released into fresh medium, followed by collection at the indicated time points or by additional treatments. In our hands, \>70% cells entered into mitosis ∼11 h after the DTB and release. To further synchronize cells into prometaphase or metaphase, 8 h after the DTB and release, the cells were treated with nocodazole (final concentration 330 nM) or MG132 (final concentration 10 µM) for 6 h and collected at the indicated time after nocodazole/MG132 washout for Western blotting or immunostaining. To abrogate the SAC signal, 1 µM Mps1 inhibitor NMS-P715 was added to cells for 20 h followed by fixation and analyses.

Immunofluorescence microscopy and quantification {#s13}
------------------------------------------------

Cells were fixed with 4% paraformaldehyde in PBS at 37°C for 7--10 min followed by permeabilization with 0.5% Triton X-100 in PBS for 10 min. The cells were then blocked with 4% BSA in PBS for \>1 h followed by incubation with primary and secondary antibodies. An Eclipse TE2000-U microscope (Nikon) driven by MetaMorph software (Molecular Devices) or a TCS SP5 microscope (Leica) driven by LAS AF software was used for imaging. For confocal microscopy, a 63× 1.4 NA oil objective lens (Leica) was used and the cells were imaged by scanning optical sections at ∼0.5-µm intervals at room temperature. For live imaging, cells were incubated in DMEM medium supplemented with 15% (vol/vol) FBS and imaged with a 20× 0.45 NA lens under a microscope (Eclipse TE2000-U) in a stage incubator (Pathology Devices, Inc.) at 37°C with 5% CO~2~ and 70% humidity. Mitotic index was determined by dividing the number of cells in mitosis as judged by DAPI staining with the total number of cells counted.

The percentage of cells with misaligned chromosomes was defined as previously described ([@bib39]). Cells that formed the metaphase plate were included in the analyses. Mitotic chromosomes found outside the rectangular area encompassing the central 30% of the spindle were considered as misaligned chromosomes. The intensity of kinetochore proteins was measured as described previously ([@bib21]). In brief, computer-generated 9 × 9 and 13 × 13 pixel regions made with Photoshop software (Adobe) were centered over each kinetochore and the total integrated fluorescence counts were obtained for the 9 × 9 and 13 × 13 pixel regions. Because the 9 × 9 pixel region was typically large enough to contain 90% of kinetochore fluorescence, the intensity difference between 9 × 9 and 13 × 13 pixel regions was used as the background intensity. For details of antibodies, dilutions, and fluorochromes used, see [Table S1](http://www.jcb.org/cgi/content/full/jcb.201503122/DC1){#supp4}.

Assays in *Xenopus* egg extracts {#s14}
--------------------------------

Only CSF egg extracts ([@bib41]) that were tested to form sperm-induced spindles were used for experiments.

To assay whether RanL43E or RanT24N functioned in SAC inactivation in CSF egg extracts, we followed the protocol described previously ([@bib1]) with some modifications. In brief, 25 µl of the egg extract was added with energy mix (final concentrations: 10 mM creatine phosphate, 0.5 mM Na-ATP, 0.5 mM MgCl~2~, and 50 µM EGTA, pH 7.7), nocodazole (10 µg/ml final), and sperm nuclei (10,000/µl final) plus purified RanL43E, RanT24N, or BSA (∼1 mg/ml final). After incubation at 4°C for 30 min, 0.6 mM Ca^2+^ were added into the egg extract and then incubated at room temperature at the indicated time. 5-µl egg extracts were collected for either staining with Hoechst to examine the nuclear morphology or Western blotting to probe for Cyclin-B2.

To assay for the effect of RanL43E and RanT24N on the stability of Bub3 and BuGZ, 25 µl of the egg extract was supplemented with energy mix, nocodazole, sperm nuclei, and purified RanL43E or RanT24N as above. After the incubation at 4°C for 30 min, the egg extracts were then gently rotated at room temperature for the indicated time, followed by Western blotting using antibodies to BuGZ, Bub3, BubR1, Bub1, and GAPDH.

To assay whether importin-β could rescue the RanL43E-induced degradation of BuGZ and Bub3, the egg extract with energy mix, nocodazole, sperm nuclei, and purified RanL43E as above were further supplemented with importin-β (0.5 mg/ml final) or XB buffer (10 mM Hepes, 50 mM sucrose, 100 mM KCl, 1 mM MgCl~2~, 0.1 mM CaCl~2~, and 5 mM EGTA, pH 7.7). After the incubation at 4°C for 30 min, the egg extracts were then gently rotated at room temperature for 60 min followed by Western blots probing for the indicated proteins.

To determine whether Ran and importin-β regulate the interaction between Ubr5 and BuGZ or Bub3, 100 µl of the CSF egg extracts were supplemented with energy mix, nocodazole, sperm, and different combinations of RanL43E, RanT24N, and importin-β as indicated in the figure (the final concentration of each supplement was the same as described above). After incubation at 4°C for 30 min, BuGZ or Bub3 were immunoprecipitated at 4°C using 30 µg of BuGZ antibody, Bub3 antibody, or control IgG for 30 min, followed by Western blots probing for BuGZ, Bub3, importin-β, Ubr5, and GAPDH.

To study the interaction between importin-β and Bub3/BuGZ, 100 µl of the CSF egg extracts supplemented with nocodazole and sperm (the final concentration for each supplement was the same as described above) were incubated at 4°C for 30 min, followed by immunoprecipitations by the BuGZ or Bub3 antibody as above. For details of antibodies and dilutions used see Table S1.

Protein expression, purification, and interactions {#s15}
--------------------------------------------------

GST and GST-Uf4 (or other GST-Uf proteins) were expressed and purified from BL21 (DE3) according to the manufacturer's instructions. For each protein expression, we used a single *Escherichia coli* colony to inoculate 3 ml of Lysogeny broth (LB) culture. After shaking at 37°C for 12 h, the culture was added into 2 liters of prewarmed LB medium for further incubation at 37°C with shaking. Once the OD~600~ reached 0.7, IPTG (final concentration 1 mM) was added to the medium to induce protein expression by incubating with shaking at 16°C for 18 h followed by collecting the cells by centrifugation at 5,000 rpm for 20 min at 4°C. The bacterial pellet was resuspended in 50 ml of ice-cold PBST (PBS plus 1% Triton X-100) containing 1 mM PMSF and a 1:100 dilution of the protease cocktail (AEBSF, Bestatin, E-64, Pepstain A, and Phosphoramidon; Sigma-Aldrich), and pipetted on ice to resuspend the bacteria. The mixture was then sonicated on ice until the lysate became clear (∼15 min), followed by centrifugation at 12,000 rpm for 30 min at 4°C using a rotor (JA20; Beckman Coulter). 4 ml of the 50% slurry of Glutathione Sepharose 4B was then added to the supernatant and incubated with rotation at 4°C for 6 h. The glutathione resin was then packed in a column and washed with 200 ml of PBS. 5 ml of the glutathione elution buffer (50 mM Tris-HCl and 10 mM reduced glutathione, pH 8.0) was added into the column and incubated at 4°C for 1 h to elute the protein. The eluted protein was exchanged into 2 ml of XB buffer with a PD10 column (GE Healthcare), and further concentrated to 1.2 mg/ml (GST-Uf4) or 4.2 mg/ml (GST) using an Amicon Ultra 30K device (Millipore) at 4°C. The concentrated proteins were divided into 15-µl aliquots, snap frozen in liquid nitrogen, and stored at −80°C for interaction studies.

The same protocol as above was used to induce the expression of His-GFP-mBuGZ and His-mBub3 in bacteria. The bacterial pellet was resuspended in 50 ml of the ice-cold lysis buffer (50 mM NaH~2~PO~4~, 300 mM NaCl, and 5 mM imidazole, pH 7.8) containing 1 mM PMSF and 1:100 dilution of the protease cocktail (see above) by pipetting on ice. After the sonication and centrifuging under the same conditions as above, the supernatant was supplemented with 4 ml of the 50% slurry of Ni-NTA beads (QIAGEN) and rotated at 4°C for 4 h, followed by packing the beads into a column. The column was washed with 100 ml of wash buffer (50 mM NaH~2~PO~4~ and 300 mM NaCl, pH 7.8) containing 10 mM imidazole followed by 100 ml of wash buffer containing 20 mM imidazole and then eluted with 5 ml of elution buffer (50 mM NaH~2~PO~4~, 300 mM NaCl, and 300 mM imidazole, pH 7.8) into 0.5-ml fractions. The peak fractions were exchanged into 2 ml of XB buffer using a PD10 column, and further concentrated to 0.5 mg/ml (His-mBub3) or 5.2 mg/ml (His-GFP-mBuGZ) with the Amicon Ultra 30K device at 4°C, followed by dividing into 15-µl aliquots. They were then snap frozen in liquid nitrogen and stored at −80°C.

To study the direct interaction between the HECT domain of Ubr5 (GST-Uf4) with BuGZ or Bub3, 4 µg of purified GST or GST-Uf4 were incubated with 30 µl of the 50% slurry of Glutathione Sepharose 4B and rotated for 2 h at 4°C, followed by washing the beads with 1 ml of ice-cold lysis buffer (as above) and 1 ml of wash buffer (as above) three times each. The beads were incubated with 4 µg of purified His-GFP-mBuGZ or His-mBub3, and rotated at 4°C for another 4 h, followed by washing the beads with 1 ml of lysis buffer and 1 ml of wash buffer for another four times each. 10% of GST, GST-Uf4, His-GFP-mBuGZ, or His-mBub3 (∼0.4 µg for each protein) was loaded as an input sample for Coomassie blue staining, whereas 25% or 5% of each immunoprecipitates were loaded for Coomassie staining or Western blotting, respectively. Antibodies used for Western blotting can be found in Table S1.

Ubiquitination assay {#s16}
--------------------

To assay for the effect of Ubr5 on the ubiquitination of BuGZ and Bub3, 2 × 10^6^ (for collecting total cells) or 1 × 10^7^ (for collecting mitotic cells by mitotic shake-off) HeLa cells stably expressing GFP-Bub3 or GFP-BuGZ were plated 1 d before transfection. The cells were transfected with the control or Ubr5 siRNA using Lipofectamine RNAiMAX (Invitrogen). 66 h after transfection, the cells were treated with 10 µM MG132 for 6 h and collected with or without mitotic shake-off, followed by incubation with 650 µl of the low-salt lysis buffer (as above). After clarification at 12,000 rpm for 30 min at 4°C, 60 µl of anti-GFP (Allele Biotech) bead slurry was added into the supernatant and rotated for 2.5 h at 4°C, followed by washing the beads with 1 ml of low-salt lysis buffer and 1 ml of low-salt wash buffer four times each. The bead-bound proteins were eluted with 25 µl of glycine buffer (0.1 M glycine, pH 2.5). The immunoprecipitates were used for Western blotting analyses probing for ubiquitin and other proteins.

To study the effect of importin-β on the ubiquitination of BuGZ and Bub3, 2 × 10^6^ HeLa cells stably expressing GFP-Bub3 or GFP-BuGZ were plated 1 d before transfection. The cells were transfected with the control or importin-β siRNA using Lipofectamine RNAiMAX (Invitrogen) each time when they were changed into a new medium. 20 h after the first round of transfection, the cells were treated with 2 mM thymidine for 16 h. 8 h after the release from the thymidine block, the cells were blocked with 2 mM thymidine for another 16 h. 6 h after releasing from the second thymidine release, the cells were incubated in the fresh medium containing 10 µM MG132 for another 6 h followed by mitotic shake-off. The cells were subjected to immunoprecipitation as described using anti-GFP beads, followed by Western blotting.

To study the effect of BuGZ on Bub3 ubiquitination, 1 × 10^7^ HeLa cells were plated 1 d before transfection. The control or BuGZ siRNA and the plasmid expressing Flag-Bub3 were cotransfected using Lipofectamine RNAiMAX (Invitrogen). 54 h after transfection, 10 µM MG132 was added into the medium for 6 h, followed by collecting the mitotic cells by mitotic shake-off. The cells were subjected to immunoprecipitation using 30 µl of anti-Flag bead slurry, followed by Western blotting.

Time-lapse microscopy {#s17}
---------------------

Mitotic HeLa cells stably coexpressing RFP-Histone H2B and GFP-Bub3 or GFP were imaged live using a 63× objective lens on an UltraVIEW VoX Imaging Station (PerkinElmer) at 6-min intervals for 2 h to capture full mitosis. The laser intensity and the exposure time were the same for all cells. Images were processed using ImageJ and converted to QuickTime movies (Apple) for further analyses.

To quantify the total or mean GFP or GFP-Bub3, we selected four images representing four different mitotic phases. (1) Prometaphase: 18 min before the first sign of full chromosome congression at the metaphase plate. (2) Early metaphase: the first sign of full chromosome congression. (3) Late metaphase: the image right before chromosome separation. (4) Anaphase: the first image of chromosome separation. For cells treated with nocodazole, the mitotic cells imaged at 0, 24, 48, and 72 min were selected for quantification. For quantification, cell outline was drawn based on the ImageJ-processed images. The total and mean intensity (total intensity/the cell area) were obtained using the measurement tool in ImageJ. Background intensity measured from the area next to each cell was subtracted. At least 15 mitotic cells were quantified for each sample and condition.

To analyze the effect of Ubr5 depletion on mitotic progression by live imaging, HeLa cells expressing H2B-GFP ([@bib53]) were transfected with Ubr5 siRNA for 60 h and imaged live using a 10× objective lens for another 20--40 h in a stage incubator (Pathology Devices, Inc.) at 37°C with 5% CO~2~ and 70% humidity. Images were captured at 5-min intervals with an ECLIPSE TE2000-U microscope controlled with MetaMorph software (Molecular Devices). NEBD to early prometaphase: from nuclear envelope breakdown to the frame before the first sign of full chromosome congregation. Late prometaphase to metaphase: from the first sign of full chromosome congregation to the frame right before chromosome separation. Anaphase to telophase: from the first sign of chromosome segregation to the first sign of nuclear reformation.

Online supplemental material {#s18}
----------------------------

Fig. S1 shows BuGZ and Bub3 turnover during cell division. Fig. S2 shows SAC regulation by RanGTP and analyses of protein--protein interactions. Fig. S3 shows the analyses of the role of Ubr5 in SAC inactivation. Table S1 provides a list of antibodies, their sources, and dilutions used in either Western blotting or immunostaining. Table S2 provides a list of primers used to construct the indicated expression vectors. Online supplemental material is available at <http://www.jcb.org/cgi/content/full/jcb.201503122/DC1>.
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